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Abstract 
Many countries see biofuels as a replacement to fossil fuels to mitigate climate change. 
Nevertheless, some concerns remain about the overall benefits of biofuels policies. More 
comprehensive tools seem required to evaluate indirect effects of biofuel policies. This article 
proposes a method to evaluate large-scale biofuel policies that is based on life cycle assessment, 
environmental extensions of I/O tables and a general equilibrium model. The method enables the 
assessment of indirect environmental effects of biofuels policies including land use changes in 
the context of economic and demographic growths. The method is illustrated with a case study 
involving two scenarios. The first one describes the evolution of the world economy from 2006 
to 2020 under business as usual (BAU) conditions (including demographic and dietary 
preferences changes) and the second integrates biofuel policies in the USA and the European 
Union. Results show that the biofuel scenario, originally designed to mitigate climate change, 
results in more GHG emissions when compared to the BAU scenario. This is mainly due to 
emissions associated with global land use changes. The case study shows that the method 
enables a broader consideration for environmental effects of biofuel policies than usual LCA: 
global economic variations calculated by a general equilibrium economic model and land use 
change emissions can be evaluated. More work is needed however to include new biofuel 
production technologies and reduce the uncertainty of the method. 
Introduction 
Life cycle assessment of biofuels 
Over the past few years, with the rising levels of greenhouse gas (GHG) emissions and 
sustained concerns about climate change, biofuels have been seen as a promising solution to 
replace fossil fuels. Massive production of biofuels began in 2005 with a production of 53 
billions liters of biofuels and rose over 138 billion globally in 2012 (OECD and FAO 2011). 
Second generation biofuels (produced from cellulose) are developing fast, and third generation 
biofuels (from algae) are under active research (Scott et al. 2010), but neither of them can be 
industrially produced yet (Steynberg and Dry 2004a; Naik et al. 2010; Steynberg and Dry 
2004b). Although first generation biofuels were often presented as an important part of climate 
change mitigation strategy as reviewed by Timilsina and Mevel (2013), there is still considerable 
uncertainty about their environmental benefits. Indeed, when the whole life cycle is evaluated, 
first generation biofuels are rarely climate neutral and the expected reductions in GHG emissions 
when compared to conventional fuels are fewer than expected or can even be higher than the 
emissions of conventional fuels (Benoist et al. 2012; Cherubini et al. 2009; Boies et al. 2011; 
Kendall and Chang 2009; Menichetti and Otto 2009; Yang et al. 2012; Zah et al. 2007; 
Soimakallio and Koponen 2011; Hsu et al. 2010; Halleux et al. 2008; Cherubini and Jungmeister 
2010; Cherubini and Ulgiati 2010; Fazio and Monti 2011). One important methodological 
concerns in the assessment of biofuels is the evaluation of direct and indirect land use changes 
(LUC) since they are related to potentially significant carbon emissions to the atmosphere 
(Panichelli and Gnansounou 2008; Mathews and Tan 2009; Plevin et al. 2010). Direct LUC 
occur when a land is converted to grow biomass to produce bioenergy. Indirect LUC occur when 
a land used for agriculture or forestry is converted to grow biomass for bioenergy production and 
that the missing biomass for agriculture or forestry is grown on another land (the indirect LUC 
being the land displacement on the second land). While it may be simple to identify where direct 
LUC occur, indirect LUC causal links are more complex to model since they might consist in 
several sequential LUC affecting a lot of different crops and land types around the world. 
Moreover, unlike direct LUC, indirect LUC cannot be physically monitored because they depend 
on land market evolution which is determined by a high numbers of parameters not restricted to 
the biomass demand for biofuels (Finkbeiner 2014; Wicke et al. 2012; Angus et al. 2009). 
Nevertheless, the location and the quantity of land affected by indirect LUC are important 
parameters because carbon emissions from land conversions are strongly related to the types of 
land and the biomass affected by the LUC. Thus, the method used to model LUC emissions is 
highly uncertain and usually explain why results differ between biofuels studies (Kim and Dale 
2011; Plevin et al. 2010; Finkbeiner 2014; Wicke et al. 2012; Malça and Freire 2011; Stratton et 
al. 2011). 
Consideration of direct and indirect land use changes 
 Bird et al. (2013) consider two approaches to assess LUC: (1) the determinist approach 
which stands on simple mathematical relations based on historic data of the agriculture sector1 
(Overmars et al. 2011; Kim and Dale 2011; Wallington et al. 2012; Özdemir et al. 2009; 
Silalertruksa et al. 2009; Escobar et al. 2014; Reinhard and Zah 2009) and (2) the economic 
approach which involves economic models to simulate the land market (United States 
Environmental Protection Agency 2009; Melillo et al. 2009a; Bird et al. 2013; Kendall and 
Chang 2009; Kloverpris 2009; Vázquez-Rowe et al. 2014; Sanchez et al. 2012; Verburg et al. 
2008; Hertel et al. 2010; Hellmann and Verburg 2010; Britz and Hertel 2009; Keeney and Hertel 
                                                 
1 We also included LUC scenarios based on historic data in the determinist approach.  
2008; Taheripour et al. 2010; Searchinger et al. 2008; Britz and Hertel 2011). The advantages of 
the determinist approach are to be very transparent, easy to follow and to stand on measurable 
indicators. The economic approach provides, however, a more refined understanding of the 
mechanisms that drive LUC, as economic phenomena and the land markets are explicitly 
modeled. While the numbers computed with both approaches may be quite different from one 
case study to another, a large majority of authors agree to say that GHG emissions related to 
direct and indirect land use changes are important and must be considered when evaluating 
biofuels ecological impact (Fritsche et al. 2010; Sanchez et al. 2012; Finkbeiner 2014). 
One potentially important limit in existing biofuel studies is that these studies usually 
focus on a specific biofuel production assuming the rest of the world is not changing over the 
temporal horizon of the study. This approach is not consistent with methods that aim to include 
all land use drivers to study global prospective emissions scenarios (Vuuren et al. 2011b; Vuuren 
et al. 2011a). 
In the case of the economic approach, it is known that equilibrium models provide non-
linear responses to economic shocks. Thus, it might be an oversimplification to evaluate LUC 
caused by a single regional biofuel policy without including other parameters driving LUC at 
world scale: future biofuel demand in other regions, global food demand and dietary preferences 
(Haberl et al. 2011). Indeed, equilibrium models should lead to a different demand for land if all 
of these parameters are taken into account simultaneously, and thus lead to different LUC results 
and GHG emissions for biofuel policies. 
Some authors recommend defining a baseline LUC scenario based on land market drivers 
to conduct prospective studies on land use changes (Kloverpris and Mueller 2013; Westhoek et 
al. 2006; Alcamo et al. 2006). No biofuel studies were found however to include all of the main 
market drivers (i.e. global biofuel demand, global food demand and changes in dietary 
preferences) along with a complete lifecycle perspective. Rather, these parameters are separately 
addressed in multiple individual studies, notably: Melillo et al. (2009b), Banse et al. (2011) and 
Bouët et al. (2010) consider both biofuel policies being implemented simultaneously in several 
regions and the future global food demand. Böttcher et al. (2013) include demography and food 
diet changes when assessing a European Union biofuel policy but they ignore other biofuel 
programs around the world. Thus, the objective of this research is to develop a method to study 
the environmental consequences of long-term biofuel policies being implemented simultaneously 
in the context of a growing food demand (due to the increasing world population) and a change 
in the global food-diet (increase in meat demand due to changes in dietary preferences in 
emerging countries). 
Life cycle assessment and requirements for biofuel policies studies 
Historically, most LCAs have taken a descriptive approach to product systems, striving to 
account for the fraction of the environmental burdens that is physically linked to the production, 
use, and end-of-life of a given product; this is often referred in the literature as attributional LCA 
(A-LCA). In contrast, rather than assessing a product as a share of the economy, some LCAs 
strive to capture the consequences of a perturbation to the economy, such as an increase in the 
production for a given product. These models, which are collectively referred to as consequential 
LCAs (C-LCA), attempt to follow relevant physical causation and market-mediated effects, 
regardless of whether or not they are physically involved in the value chain of the product 
(Weidema et al. 1999; Weidema 2003; Ekvall and Weidema 2004). Thus, compared to A-LCA, 
C-LCA strives to directly model the consequences of a decision, such as a shift in consumption 
or a policy, by analyzing the affected processes, regardless of whether they are inside or outside 
of the product life cycle (Ekvall and Weidema 2004). Considering the land requirements for 
producing biofuels, an C-LCA approach is advantageous in order to model the market effects 
leading to indirect LUC, in contrast to A-LCA which only represents direct LUC. Several 
authors have pointed out that system boundaries and allocation rules related to biofuel co-
products (defined in the goal and scope) were a source of significant heterogeneity in biofuel 
LCA results (Larson 2006; Cherubini et al. 2009; Davis et al. 2009; Cherubini and Strømman 
2011; Benoist et al. 2012). 
Additionally, since biofuel policies are planned over several years in the future, it is 
pertinent to follow a prospective LCA approach to take into account the temporal evolution of 
the studied system (Pesonen et al. 2000; Sanden 2007). Especially, in biofuel studies, the 
prospective approach should define the future biofuel targets to be studied and the evolution of 
the demographic and economic backgrounds during the period of implementation of the biofuel 
policies. 
Environmental Input/Output LCA 
 Life cycle inventory (LCI) compiled using a process database are always truncated to a 
certain degree because it would not be practical to collect detailed data for all processes involved 
in the economy of a region (Suh and Huppes 2005). Thus, there is always a cut-off criteria in the 
inventory of process-based LCA. To solve that issue, environmental I/O databases were 
introduced in LCA. Environmental I/O tables are a top-down environmental model of the entire 
economy; they reflect the monetary interdependencies between all industries in the economy of a 
region and the physical dependencies of these industries on the environment. In these databases, 
each technological activity is related to an economic sector and emissions and natural resources 
consumptions are obtained from national statistics of each economic sector (Suh 2003). Some 
limitations are relying however solely on environmental I/O tables in LCA. Economic sectors in 
environmental I/O tables are often very aggregated (Egilmez et al. 2013). Thus, it is usually not 
possible to reach the same level of detail as when process databases are used to build the LCI. 
Additionally, national I/O tables are country specific, which limits their ability to represent 
international production chains. For that reason, projects such as EXIOBASE  (Tukker et al. 
2014; Wood et al. 2014) or WIOD projects (Timmer 2012) compile multiregional, world 
environmental I/O tables. 
Finally, I/O tables are based on historic data and fixed technological interdependencies. 
As such, they are well suited for carbon footprinting and other attributional analyses (Hertwich 
and Peters 2009), but they are ill-suited to represent the mechanisms of an economy reacting to a 
perturbation, like the introduction of biofuels in transports. For that reason, technological 
changes are difficult to study with I/O tables (Ferrão and Nhambiu 2009). To overcome that 
issue and answer prospective or consequential questions, I/O models are extended with linear 
programming optimizations (Strømman et al. 2009; Duchin 2005), dynamic time series (Pauliuk 
et al. 2015; Idenburg and Wilting 2000) , or price elasticities in the case of computable general 
equilibrium (CGE) models. 
Macro-LCA 
 While in theory the consequential perspective is applicable to any type of change, most 
C-LCAs evaluate environmental effects of marginal perturbations affecting one or a few life 
cycles, allowing for simple, lean and transparent models (Dalgaard et al. 2008; Ekvall and 
Andrae 2006; Ekvall and Weidema 2004; Frees 2008; Gaudreault et al. 2010; Hamelin et al. 
2011; Lesage et al. 2006; Mathiesen et al. 2007; Pehnt et al. 2008; Reinhard and Zah 2009; 
Schmidt 2004, 2008; Schmidt and Weidema 2008; Thomassen et al. 2008; Weidema et al. 1999; 
Eriksson et al. 2007). Unlike marginal perturbations, non-marginal perturbations are expected to 
affect many life cycles. Indeed, they are expected to affect the whole economy. Therefore, the 
economic modeling behind C-LCA needs to be adapted to handle non-marginal perturbations. In 
this context Dandres et al. (2011) proposed the macro-LCA (M-LCA): a new approach based on 
the sequential application of GTAP (Global Trade Analysis Project), a computable general 
equilibrium model (CGEM), and LCA to study shortterm effects of non-marginal perturbations; 
the use of the CGEM allowing the considerations of price variations and non-linear effects on 
each economic sector including those that are indirectly affected by the perturbation. The use of 
LCA allowing the assessment of environmental impacts since GTAP provides very limited 
information regarding emissions to the environment. Long-term effects of non-marginal 
perturbations can be studied by introducing prospective elements in M-LCA (Dandres et al. 
2012). The approach proposed by Dandres et al. (2011, 2012) computes the life cycle inventory 
(LCI) using GTAP results and the ecoinvent database (description provided in the supplementary 
material). Because the ecoinvent database does not cover all economic activities, some economic 
sectors were partially or not modeled in Dandres et al. (2011, 2012) increasing the LCI 
truncation problem. 
As mentioned previously, environmental Input/Output (I/O) databases can be used to overcome 
that issue. Since GTAP provides very few information about emissions to the environment but 
relies on national I/O tables, there is an opportunity to couple GTAP with the emission factors of 
each economic sector of the environmental extension of an I/O database to compute the LCI of 
all economic sectors in an M-LCA. Such coupling is a new contribution to the applications of 
GTAP and EXIOBASE. 
Objective 
 The main objective of this article is to develop a new approach of M-LCA based on 
linking the environmental component of an I/O table with economic responses modeled through 
a CGE, allowing the modeling of the impact on the environmental inventory for every sector of 
the economy in every region. This development is presented in a case study evaluating the 
environmental impacts related to the implementation of major biofuel policies increasing the 
biofuel share of transportation by 2020 and implemented simultaneously in the USA and 
European Union (EU 27). 
Methods 
Overview of the LCA method and case study 
 The method used in this study stands on the M-LCA developed in Dandres et al. (2012) 
and the steps of the method are summarized in Figure 1. The principle of the method relies on 
four sequential steps: to develop scenarios and implement them in GTAP (“goal and scope” step 
in Figure 1), to run GTAP simulations and map results with emission factors (“inventory” step in 
Figure 1), to apply impact assessment methods to compute environmental impacts (“impact 
assessment” step in Figure 1) and to analyze results (“results interpretation” step in Figure 1). 
The method is divided into two parts (cf. left and right columns in Figure 1): the calculation of 
the emissions triggered by a variation of activity in the economic sectors (obtained from coupling 
GTAP with the environmental extension of an I/O Database) and the impacts of LUC (obtained 
from coupling GTAP with IPCC factors). 
Figure 1: LCA method used in the project.
Goal and scope definition
Two scenarios are compared to allow the distinction between the impacts caused by the 
global economic growth (including demographic and dietary preference changes) from the 
impacts due to the biofuel policies. The first scenario (referred later in the text as the reference 
scenario) represents the evolution of the global economy from 2006 to 2020 under business as 
usual conditions (with the exception that USA and EU 27 biofuel policies remain steady) and the 
second one (referred as the biofuel scenario) integrates both the global economic growth and 
more ambitious biofuel policies in the USA and the EU 27. The reference scenario integrates 
exogenous drivers of expected changes in population, capital, gross domestic product (GDP),
skilled and unskilled workers and dietary preferences from 2006 (GTAP-BYP reference year) to 
2020 (the desired year). The data are summarized in supplementary material (Table 3). In 
addition to these drivers, the biofuel scenario incorporates the EU (European Commision 2012)
and the USA (U.S. Environmental Protection Agency 2012) estimated biofuels policies, based on 
existing regulations but adapted to focus only on first generation biofuels. Only first-generation 
biofuels are considered since the second generation of biofuels are currently not widely produced 
(therefore limited data are available to model it). Table 1 presents the share of biofuels in 
transportation per region per year in the biofuel scenario (it is endogenously managed by GTAP-
BYP for other economic sectors). The share of biofuels in the reference scenario in 2020 remains 
the same as in 2006. This reference scenario is, therefore, unlikely to happen since biofuel 
production is expected to increase in the future. The only purpose of the reference scenario in 
this study is to distinguish the specific environmental impacts due to the biofuel policies from 
those of the economic growth.  
Region USA EU27 
Year 2006 2011 2020 2006 2011 2020 
Ethanol from cereal 3.13% 7.97% 9.31% 0.46% 0.98% 2.13% 
Ethanol from sugar cane 0.07% 0.24% 2.05% 0.12% 0.24% 1.14% 
Biodiesel from oilseeds 0.16% 0.62% 0.74% 1.1% 2.64% 6.7% 
Table 1: Share of biofuels by volume in transportation by region for the biofuel scenario 
GTAP-BYP includes only first generation biofuels. Since second and third generations of 
biofuels are expected to have less environmental impacts than those of the first generation, the 
results of this study might overestimate environmental impact if all biofuels would be considered 
to reach targets of biofuel policies. Nevertheless, the work achieved in this study could be easily 
adapted to a new version of GTAP-BYP that would include second and third generations of 
biofuels. 
Inventory 
 The inventory is compiled using the environmental component of the I/O table of 
EXIOBASE (Tukker et al. 2013), giving the unit of substance used/emitted per unit of 
production of each economic sector based on the results of the GTAP-BYP simulations. The land 
use change factors from IPCC (Penman et al. 2003) are used to calculate GHG emissions from 
land use changes simulated by GTAP-BYP. More details regarding the application of the 
EXIOBASE table and GTAP model are presented in supplementary material. 
Impact assessment 
 The impact assessment is done using the ReCiPe method (Goedkoop et al. 2013). The 
focus is made on GHG emissions but, based on the recommendations of Benoist et al. (2012) for 
biofuels, the eutrophication, acidification and ozone photochemical formation indicator are also 
included in the analysis.  
GTAP 
 The economic model used in this M-LCA is GTAP-BYP, based on the GTAP model. 
GTAP relies on national I/O tables to assess the variations due to a major change in the economy 
of a country, including non-linear effects (i.e. a response of the economy that is not proportional 
to the economic change). It calculates an optimal solution which enables equilibrium between 
supply and demand under specific constraints specified by the user. More details on GTAP-BYP 
are provided in supplementary material. 
EXIOBASE 
 In order to study the global environmental impacts of biofuel policies with an 
environmental I/O table, this table must be multi-region since consequences of biofuel policies 
might occur outside of the regions where the policies are implemented. EXIOBASE and WIOD 
are two currently available multi-regional I/O databases that would be fit for purpose. 
EXIOBASE is preferred however since it allows to cover more environmental indicators and 
presents a finer granularity in its description of the agricultural sectors (Tukker and 
Dietzenbacher 2013). In its most disaggregated version, the first version of EXIOBASE includes 
43 countries and one region (Rest of World) and have data on 28 emission types to air (both 
combustion and non-combustion), as well as nitrogen and phosphorous emissions and use of 
resources for every economic sector (Tukker et al. 2013). The coupling of GTAP with 
EXIOBASE, as well as the modifications made on EXIOBASE are explained in the 
supplementary material. 
Land use data 
 GTAP-BYP provides information about the area and type of land that are transformed 
(Lee et al. 2005). GTAP-BYP models four activities (sugar, cereal and oil crops; other crops; 
pasture; and forests) spread into 18 agro-ecological zones that depend on the annual length of 
growing period as well as the humidity conditions. IPCC proposed generic emission factors that 
can be used to model GHG emissions from LUC (Penman et al. 2003). These emission factors 
depend on several land characteristics such as the type of land (forest, crops or pasture), 
geographical locations (boreal, tropical and temperate), and rain conditions (wet, dry). In this 
study, IPCC factors were mapped with GTAP-BYP land types to compute LUC emissions. The 
mapping is detailed in supplementary material.  
While GTAP-BYP computes the total LUC for the period 2006-2020, the annual LUC 
emissions are obtained by dividing the total LUC emissions obtained from Equation 7 
(supplementary material) by 14 years (the number of years of the scenarios).  
Results and discussion 
 In this section, the global environmental impacts are presented first, then the impacts 
attributed to the industry, households and land use changes are analyzed, and then the difference 
between the scenarios and the limits of the method are discussed. Table 2 summarizes the GHG 
emissions per scenario, per region (USA, EU, and rest of world) and per category (industry, 
households and land use change) in 2020. It also presents the difference in GHG emissions 
between the biofuels scenario and the reference scenario. A negative result in the difference 
indicates a better performance of the biofuel scenario whereas a positive result indicates a better 
performance of the reference scenario. 
GHG emissions 
per scenario 
(Gt CO2eq/Functional unit) 
USA EU 27 
REST OF 
WORLD 
TOTAL  
 
 
Biofuels 8.5 5.2 28.3 42.0 
 Industrial 
production 
Reference 8.1 5.7 28.3 42.1 
 
 
Difference* 0.3 -0.5 0.1 -0.1 
 
 
Biofuels 1.1 0.1 3.8 5.0 
 Private 
household 
consumption 
Reference 1.2 0.2 3.9 5.3 
 
 
Difference* -0.1 -0.1 0.0 -0.3 
 
 
Biofuels 0.6 0.4 5.8 6.8 
 Land use 
change 
Reference 0.4 0.3 5.5 6.1 
 
 Difference* 0.3 0.1 0.2 0.6 
 
 
Biofuels 10.2 5.7 37.9 53.8 
 Total Reference 9.7 6.1 37.7 53.5 
   Difference* 0.5 -0.5 0.3 0.3 
 
*Values do not equal exactly to Biofuels minus Reference values due to hidden decimals. 
Table 2: GHG emissions from industries, private households and land use in both scenarios 
It can be seen the industrial production is the main global emitter of GHG emissions, then 
come the land use changes and the private household consumption with smaller contributions. As 
expected, the land use change emissions are more important in the biofuel scenario than in the 
reference one. The main difference in GHG emissions between the scenarios is due to the land 
use change. These emissions are so significant in the biofuels scenario that they overcome the 
benefits of the biofuels policies observed in industrial production and private household 
consumption. Consequently, at the global level, the biofuels scenario is found to result in more 
GHG emissions than the reference scenario. This is consistent with other studies published in the 
literature (e.g., Searchinger et al. 2008; Hertel et al. 2009; Keeney and Hertel 2008; Plevin et al. 
2010; United States Environmental Protection Agency 2009). It should be noted however the 
differences in GHG emissions between the two scenarios is relatively small when compared to 
the total GHG emissions of each scenario. These results are discussed in greater detailed for each 
category in the following paragraphs.  
Industrial production emissions 
 The differences in environmental indicators results between the biofuel and reference 
scenarios are depicted in Figure 2. A negative difference indicates that the biofuel scenario 
would cause less impact than the reference scenario. On the contrary, a positive difference points 
out that the biofuel scenario would be potentially more damaging than the reference one. It can 
be seen the environmental indicators are not all affected in the same way. While the climate 
change tends to be less affected by the industrial production in the biofuels scenario, the 
reference scenario performs better for the three other environmental indicators. This is consistent 
with what can be found in the literature (Benoist et al. 2012). Additionally, the contribution from 
the industrial production of each region to the environmental indicators is not the same. While 
the EU industrial production contributes the most to the climate change indicator, it contributes 
the less to the other indicators. Also, the acidification indicator is mainly affected by the USA 
industrial production while the eutrophication is mainly affected by the rest of world industry. 
Globally, the contribution from the industrial production in the rest of the world for three of the 
four environmental indicators is relatively important (more than 60% in the case of 
eutrophication). This result highlights the need for an approach enabling the capture of global 
impacts of biofuel policies. Despite the implementation of biofuel policies in both the EU and the 
USA, a large difference can be observed between these regions for all indicators. 
 
 Figure 2: Difference in environmental indicator results of industrial production between the 
biofuel and reference scenarios. 
 When looking at the rest of world region, it appears that Brazil is strongly affected by the 
policies: even though this country has not implemented a greater biofuel policy in the biofuels 
scenario, it appears to have more environmental impacts in the case of the biofuels scenario. This 
rise is due to the growing production of bioethanol from sugarcane in Brazil to meet the 
requirement of the USA policy. Indeed in GTAP-BYP, the biofuel demand can be specified for 
each country, but the model allows global producers to fulfill this demand. That is the reason 
why there are Brazilian exportats towards the USA and so that Brazil is impacted by biofuel 
policies. This result is in accordance with Luo et al. (2009).  
By capturing the evolution of the industry (through the changes of each economic sector), 
GTAP-BYP enables a broader view of the perturbation triggered by the biofuel policies than if 
Eutrophication
(Mt Peq)
Acidification
(Mt SO2eq)
Photochemical
O3 formation
(Mt NMVOC)
Climate change
(Gt CO2eq)
USA 0.06 3.15 0.08 0.34
EU 0.05 0.17 0.01 -0.47
Rest of World 0.18 1.00 0.08 0.06
-60%
-40%
-20%
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20%
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EXIOBASE would have been used without this economic model. Indeed, in this latter case, the 
results would not have been based on the evolution of the industry since inter industries 
relationships would have remained unchanged, at the situation of 2000 (reference year of 
EXIOBASE version 1). 
Private household emissions 
 GHG emissions for private households, presented above in Table 2, show that the 
biofuels scenario has less potential impacts than the reference scenario for each region. The 
impacts from the EU 27 are about one order of magnitude below the impacts of the USA, mainly 
due to the private consumption growth that is more important for the USA. It is also observed 
that differential GHG emissions from world private households are approximately three and a 
half times more important than differential emissions from world industries when the biofuel 
scenario and reference scenario are compared. This result confirms the modification of 
EXIOBASE regarding private household consumption emissions (presented in the 
supplementary material) is pertinent.  
Land use change emissions 
 The differences between biofuels and references scenarios of annual land use change 
GHG emissions per type of use and per region are presented in Figure 3. It shows that the biofuel 
scenario causes globally more LUC emissions than the reference scenario. As expected, sugar, 
oilseed and coarse grain crops that are required for the production of biofuels are more strongly 
affected (causing more GHG emissions) in the US and EU in the biofuel than in the reference 
scenario. Moreover, according to GTAP-BYP, important differences in LUC GHG emissions 
between scenarios are related to pasture and forestry sectors. Indeed, regarding LUC, it is found 
the biofuel scenario results in far more GHG emissions than the reference scenario for the 
pasture sector but in far less emissions for the forestry sector. For both of these sectors, GTAP-
BYP anticipates most of the LUC emissions occur outside of the US and EU. This result 
highlights again the need to study LUC phenomena at world scale and not to restrict it to 
countries implementing biofuel policies.  
 
Figure 3: Difference in GHG emissions from land use change of biofuel and reference scenarios. 
 When looking at the regional results, it can be noted that both the USA and EU 27 have 
more GHG emissions regarding the biofuel scenario than the reference scenario. More 
specifically, the emissions from cereal, sugar, and oil crops are more important in the case of 
biofuel scenario for these two regions. The difference between USA and EU 27 that can be 
observed for cereal, sugar and oil crops, is due to the higher amount of land that is transformed to 
meet the requirements of the biofuels policy in the USA. These impacts do not represent 
however the total share of world impacts regarding land use. This comes from the fact that both 
USA and Europe have agro-ecological zones that are very convenient for agriculture. Indeed, 
their agriculture zones are situated in temperate climate zone explaining why they are not as 
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affected as other countries in which climate is more challenging for crops (and so more 
important environmental factors). 
 These results also show that possible impacts have to be considered globally since the 
results can be positive in a region and negative in another. For instance, in Brazil, the results of 
biofuel policies are clearly negative (more GHG emissions). Indeed this country, according to 
GTAP-BYP, has to transform as much land as the USA to meet the sugarcane ethanol 
requirements, a situation that triggers serious environmental effects. 
 As compared to the differences in GHG emissions from the industry and households 
categories between the biofuel and the references scenarios, the difference in LUC emissions are 
dramatically higher and therefore are determinant in the comparison of the scenarios (see Figure 
4). Thus, when not considering land use change, the biofuels scenario performs better than the 
reference scenario but the opposite conclusion is obtained when considering LUC emissions. 
This shows the importance of not neglecting LUC in biofuel studies. 
 
Figure 4: Difference in GHG emissions between the biofuels and reference scenarios by region. 
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A more detailed analysis of the results obtained in EXIOBASE and GTAP provides the 
following insights. The inventory given by the I/O database shows that most impacted sectors for 
both scenarios are the energy intensive industries (such as the manufacture of chemicals or 
metals) and the other industries and services (such as transports). An analysis in the GTAP 
model has shown that the main contributor to these economic sectors (and as a matter of fact to 
these impacts) is both domestic sales as well as importations as opposed to exportations. When 
looking at importations and exportations between countries and by commodities, it is interesting 
to point out that the exchanges between countries are relatively constant when comparing the two 
scenarios. The differential impacts between the two scenarios are more related to the supply 
price. The supply price of commodities tends to rise among some specific commodities in the 
case of the biofuel scenarios, especially the agricultural products (e.g., paddy rice or cereals), as 
expected. A slight decrease from the commodities in energy intensive industries and in other 
industries and services can be observed, explaining the better environmental performance of the 
biofuel scenario when land use change is excluded. Indeed, even if the price and production of 
agricultural goods rise in the biofuel scenario, the impacts are not important enough to 
counterbalance the decrease due to energy intensive industries. Thus, the coupling between the 
equilibrium model and the I/O database seems all the more pertinent when it comes to consider 
the economic reasons that are directly linked to the environmental impacts.  
Total and differential emissions of the biofuels and reference scenarios 
The method followed in this study enables to distinguish between the impacts of the 
economic growth (including demographic and dietary changes) and from the biofuel policies. It 
is shown the reference scenario is better than the biofuels scenario regarding the GHG emissions. 
It is also pertinent however to compare the results of the scenarios to the initial situation (the 
year 2006) in order to evaluate the trend of the global GHG emissions from 2006 to 2020. 
Figures 5 put the overall GHG emissions of each scenario in the context of the economic growth 
over 2006-2020. A first observation is that the GHG emissions are significantly increased in both 
scenarios as compared to 2006. By comparing the contribution of each GHG emissions category 
it makes it possible to allocate GHG emissions to the biofuels policy or to the economic growth. 
Thus, the economic growth is responsible for 94% of the change in GHG emissions over 2006-
2020 while the remaining 6% can be allocated to the effects of the biofuels policy. This means 
the biofuels policies have low influence on the future GHG emissions. This result is in 
accordance with previous studies by Yang et al (2012) and by Dandres et al. (2012). 
 The largest contribution of GHG emissions from the economic growth comes from the 
industry while the contribution from land use change is still significant. When looking at the 
regional contributions of the land use change GHG emissions, it appears that most of these 
emissions come from the rest of the world (more than five times larger than from the USA and 
EU regions). Considering the rest of world region is more affected by the dietary change (see 
Table 3 in the supplementary material) than the USA and EU regions, this suggests the increased 
demand for meat in emerging countries is expected to have a large contribution to future GHG 
emissions. Nevertheless, the increase in population and resulting food demand are also 
responsible for land use change GHG emissions. 
 Figure 5: Annual changes in GHG emissions in 2006 and in the biofuels and reference 
scenarios per category. 
Limitations and uncertainty 
 In this study, it was shown that coupling GTAP-BYP with EXIOBASE makes it possible 
to assess several biofuel policies being implemented simultaneously in several regions in the 
context of evolving background. Moreover, it improves the results of policy assessment by both 
GTAP-BYP and EXIOBASE. Indeed, GTAP-BYP models changes in the economy (including 
demography, LUC, and dietary preferences) and EXIOBASE provide emissions factors to 
compute several types of environmental impacts from GTAP-BYP results instead of being 
restricted to GHG emissions. Nevertheless, some limitations are inherent to the choice of GTAP-
BYP and EXIOBASE as well as the method to compute emissions from LUC: a limited number 
of substances in EXIOBASE, the fixed emission factors over the studied period, the fact that 
natural ecosystems are not convertible in land in GTAP-BYP, and the imperfect coupling of 
GTAP-BYP with EXIOBASE. These limitations are discussed in the supplementary material. 
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Conclusions 
The case study presented in this article suggests that the biofuel policies studied do not 
mitigate environmental impacts of climate change, eutrophication, ozone photochemical 
formation, and acidification when compared to business as usual conditions, especially when 
land use change impacts are considered. When compared to the expected economic growth 
(including demographic and dietary preference changes) in the timeframe considered, the 
difference between the two scenarios is however not very significant. The inclusion of the 
emissions due to land use change in the global impacts appears critically important in the 
evaluation of the biofuels scenario. It enables the consideration of more indirect impacts and 
greatly improves the completeness of this method. Especially, it reveals that regional biofuel 
policies are expected to cause emissions outside of the regions where they are implemented. 
Nevertheless, some improvement needs to be achieved in order to give more precise results, 
especially given the uncertainty in data and models.  
Using a general equilibrium model to calculate economic data that are then coupled 
directly with environmental I/O tables is particularly relevant in the case of large-scale systems 
since it enables a more complete life cycle assessment. Indeed, compared to the life cycle 
assessments that determines the impacts of some processes or that focused on only a few 
economic sectors, this method is able to provide environmental impacts across the whole 
economy. Regarding the M-LCA developed by Dandres et al. (2011, 2012) and based on 
ecoinvent, the macro-LCA based on EXIOBASE presented in this article is a new development 
of the M-LCA method. It makes it possible to include all economic sectors but considers fewer 
substances emitted or extracted from nature in the environmental impact assessment. The further 
inclusion of missing substances in I/O databases would facilitate further coupling efforts.  
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